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Abstract. The safety analysis of seismic behaviour of Research Reactors (RRs) can lead to facility seismic reinforcements defined by the operators in order to ensure the main safety functions during and/or after an earthquake. Consequently, a critical assessment of this safety analysis has to be done in order to evaluate the capacity of RRs to withstand earthquakes. In this regards, the “Institut de Radioprotection et de Sûreté Nucléaire” (IRSN), as a technical support of the French national Nuclear Safety Authority (ASN), has carried out a strategy of assessment especially adapted to low power RRs with limited nuclear safety issues. The strategy consists in getting the development of operator’s safety analysis and in focusing on “sensitive areas” of low power RR (i.e. fuel storage and reactor area) instead of working through the whole safety analysis related to seismic risks. In this way, IRSN made it possible to optimise the working time related to the global evaluation of sufficiency of seismic reinforcements defined for two low power French RRs.

1. Introduction

To evaluate the safety state of French Research Reactors (RRs), the French Nuclear Safety Authority (ASN) requires from the operators a Periodic Safety Review (PSR). In accordance with ASN requirements [1] and IAEA guidelines [2], the operator performs a conformity check of the facility and a safety reassessment. He also analyses the experience feedback of the facility and of similar facilities (French or foreign). As Technical Support Organisation (TSO) of the French Nuclear Safety Authority (ASN), the French “Institut de Radioprotection et de Sûreté Nucléaire” (IRSN) has to critically examine these safety analyses provided by French operators in order to provide (in the frame of PSR) guidance to ASN on the operating continuation for the next ten years of nuclear facilities. These analyses focus notably on external and internal hazards, the reactor operation safety [3], the safety of fuel storage and handling operations, radiological protection of workers and the confinement towards the environment.

As part of safety analysis of external hazards, the safety reassessment of seismic behaviour of RRs can lead to facility seismic reinforcements defined by the operators in order to ensure the main safety functions
 during and/or after an earthquake. In this context, the operators have to perform specific calculations and analyses to define and support the necessary reinforcements. These specific studies have to take into account the review of previous analyses and the new results coming from research and technical development on characterisation seismic ground motion. In this way, the safety analysis is supported by a large amount of documents and information whose critical assessment has to be done in order to evaluate the capacity of RRs to withstand earthquakes. Therefore, IRSN has carried out a strategy of assessment especially adapted to low power RRs with limited nuclear safety issues; in order to provide its technical opinion about the sufficiency of their seismic reinforcements to ASN.

The strategy consists, on the one hand, in getting the development of operator’s safety analysis to appreciate the level of seismic reinforcements and to comprehend the elements supporting the safety demonstration (see paragraph 1). On the other hand, the strategy mainly consists in focusing on “sensitive areas” of low power RRs as fuel storage and reactor area instead of working through the whole safety analysis related to seismic risks (see paragraph 2). In this way, IRSN made it possible to optimise the working time related to the global evaluation of sufficiency of seismic reinforcements defined for two low power French RRs
, situated in the same building (cf. paragraph 3). This strategy was initiated by a generalist engineer in charge of these RRs on behalf of IRSN, with the aim of optimising the technical safety assessment of its specialist engineers.
2. Defining the outlines of the safety assessment of the operator’s seismic reassessment
2.1. Understanding the content of the operator’s seismic reassessment
Before starting the critically exam of operator’s file on seismic reassessment of RR, it is necessary to search the context in which the seismic reinforcements have been defined by the operator. For that, a work on history of past seismic examinations of RR considered for the seismic reassessment has to be performed. This work is also required on the safety seismic standards defined over time to analyse the seismic behaviour and so to evaluate the safety state of RRs. In this way, the evolutions between the seismic design of the RR and the reference earthquake applicable (i.e. to take into account the design of new nuclear facilities and to implement seismic reassessment of existing nuclear facilities) are characterised, which enables to define the level of seismic reinforcements and to have an estimate of main elements of RR as structures or equipments which could be concerned by these seismic reinforcements.
These evolutions can come from research and technical development on characterisation seismic ground motion or from the experience feedback (national and international) on nuclear and radiological events related to seismic hazard. Indeed, in order to cover direct and indirect uncertainties and factors which can have an effect on seismic ground motion and/or on intensity of earthquake (ex: nature of ground), and in order to take into account the events related to seismic hazard (like tsunami in case of Fukushima accident) the reference earthquake applicable has become more and more envelope; involving the implementation of more important seismic reinforcements. Furthermore, the conclusions of previous examinations can also lead to seismic reinforcements; because more often than not, these conclusions recommend new or additional analyses on seismic behaviour of RR that the development of new codes enables to model and to simulate numerically with more accuracy. In this way, new safety elements can be identified and so new seismic reinforcements can be defined to fulfil the safety requirements related to these new safety elements.
Nevertheless, beyond technical and safety standards, economic standards have to be taken into account in the definition of operator’s strategy of seismic reinforcements. Indeed, costs of reinforcements are not always borne by the operator or are not profitable for the time remaining to operate the RR. In this case, the operator can adapt the level of seismic reinforcements to the time remaining to operate the RR; or, in inverse, adapt the operating time of the RR to level of seismic reinforcements when the question of feasibility of reinforcements has been come up. For instance, for the second seismic reassessment of the French Eole and Minerve RRs, the operator has decided to limit the operating time of these two RRs (to the time remaining before the third safety review
) considering the technical difficulties and the costs related to reinforcements to the level of the reference earthquake applicable in France
. This change of strategy of seismic reinforcements has led the operator to adapt the level of reinforcements to a lower intensity of earthquake
.
2.2. Understanding the form of operator’s technical file on seismic reassessment of RR

Once the context of the seismic reinforcements of RR has been clarified (i.e. why seismic reinforcements have to be implemented and at what level), the second step of the safety assessment consists in understanding the form of operator’s technical file on the seismic reassessment of RR. In this regard, French operator’s safety files base on basic safety standards and on technical safety assessment guides, describing the general process for performing a safety assessment of French nuclear facilities. In particular, the process which enables to define the characteristics of potential earthquakes in seismic zones is explicated in the basic safety standard quoted at the reference [4]. Furthermore, the ASN guide quoted at the reference [5] explicates the process to take into account the seismic risks for nuclear facility civil works design (ex: the seismic input data to use in the calculation models for describing the seismic behaviours of a nuclear facility). In particular, operator’s technical files on seismic reassessment of RR are coherent with these two previous documents and so, generally these files include the following important elements:
· A document describing the requirements of behaviour of RR related to seismic risk (i.e. the safety requirements of safety elements defined for the RR).
· Documents defining the characteristics of potential earthquakes in the seismic zone where is located the RR (ex: response spectra and artificial accelerograms).
· Safety analyses related to seismic reassessment of RR which can be composed of:
· Documents on “methodology and assumptions” used for modelling and simulating numerically the seismic behaviours of safety equipments and civil engineering structures which are subjected to safety requirements.
· Documents on “calculations and conclusions” about the seismic resistance of safety equipments and of civil engineering structures.
· Documents on “strategy of seismic reinforcements” in order to ensure the safety requirements of the safety equipments and of the civil engineering structures whose the seismic resistance cannot be demonstrated.
· Documents on “recalculations and conclusions” about sufficiency of previous seismic reinforcements.
Therefore, the safety analysis is supported by a large amount of documents and information whose critical assessment has to be done in order to evaluate the capacity of RRs to withstand earthquakes. For instance, the operators of the French Eole and Minerve RRs had performed about sixty specific calculations and analyses to define and to support the necessary reinforcements related to the second seismic reassessment of these RRs (especially because of change of seismic reinforcements; see paragraph 2.1). In this regard, IRSN had about one year to perform the safety examination of this file. However, the understanding of the form of operator’s technical file on seismic reassessment of these RRs made it possible to concentrate the safety assessment on the main following topics:
· The relevance of the list of safety elements (equipments and civil engineering structures) concerned by the calculation models of seismic behaviour.
· The admissibility of seismic input data used in the calculation models of seismic behaviour of RRs.
· The reliability of safety analysis based on the calculation models and the sufficiency of seismic reinforcements planned for the safety elements.
2. Determining the outlines of the technical safety assessment of the specialist engineers
2.1. Determining the “sensitive areas” of a low power RR to optimise the list of safety elements to consider in the technical safety assessment of seismic reinforcements
The list of the safety elements considered for the seismic reassessment of a RR has been determined with regard to the safety functions to ensure during and/or after an earthquake. For low power RRs, there are not as many of safety functions to ensure because the safety issues are limited. For instance, the evacuation of thermal power from radioactive fuels and nuclear reactions are generally not taken into account for a low power RR. Nevertheless, to determine the main safety functions to ensure in case of earthquake, it is necessary to know all characteristics related to the operating of RR in order to comprehend the main safety issues as activities from/to control room, counting room, ventilation area etc.
Using these specific safety functions and knowing the main characteristics of the low power RR, an additional work of optimisation can be performed from the judgement of the generalist engineer in charge of the RR for the TSO. It is to determine the “sensitive areas” of the low power RR; i.e. the main area(s) where safety function(s) is (are) likely to be the most impacted in case of earthquake which could cause the majority of consequences estimated for this RR in terms of criticality consequences or radioactive releases. For instance, due to the fact that the French Eole and Minerve RRs are devoted to the neutronic studies of lattices of different reactor types and so characterised by large fuel storages with fuels which vary in geometry and nature (as fuel rod, fuel plate composed of uranium or plutonium); the fuel storages of these RRs are typically “sensitive areas” in case of earthquake with regard to the safety functions as criticality control and containment of fuels. On the contrary, the building enclosure of these reactors is not considered “sensitive area” with regard to containment of radioactive substances because the potential radioactive releases from the low power RRs Eole and Minerve resulting from an earthquake have been deemed negligible compared to other radioactive releases from RRs located in the same seismic zone. Nevertheless, it has been considered “sensitive area” with the aim of preventing the attack of radioactive fuels located in the cores of these reactors in case of earthquake; which is in coherence with its safety requirements of integrity, no-missility and stability (not to be confused with a safety requirement of leaktighness). It could be the same case for large equipments which can impact a safety function determined for a sensitive area (for instance the two handling cranes of the Eole and Minerve reactors, see FIG. 1).
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FIG. 1. “Sensitive areas” determined by IRSN during the examination of the seismic reassessment of the Eole and Minerve RRs.

The determining of “sensitive areas” of a low power RR is the main step of the optimisation approach because it enables to reduce the list of safety elements to consider in the technical safety assessment of seismic reinforcements. Indeed, only safety elements (equipments and civil engineering structures) required to ensure the safety functions related to “sensitive areas” are considered in the technical assessment. In this regard; these specific safety elements have to be included in the list of the safety elements considered by the operator in the technical files related to seismic reassessment. Nevertheless, the assessment of the relevance and the exhaustiveness of this list with regard to the safety functions related to “sensitive areas” can also lead to complete this list with other specific safety elements. This work, which is a necessary part of the safety assessment, is also required for the list of the safety requirements related to the specific safety elements. For instance, the assessment of the safety requirements related to the fuel storage racks situated in the fuel storages of the Eole and Minerve reactors, has led IRSN to recommend to the operator to complete it with the safety requirement “geometric layup”. Indeed, the criticality control for the racks depends on the geometry; consequently, the seismic reassessment related to these equipments has to be completed in order to include the demonstration of this geometric layup in case of earthquake.
To finish on this third step of the optimisation approach, a last optimisation work can be performed from the list of the specific safety elements. It is to not consider the safety elements whose the seismic reinforcements are deemed “simple” to implement (ex: simple anchoring or simple strap) and so which don’t require a technical assessment. Moreover, if the approach of automatic shutdown of the RR in case of earthquake is deemed admissible and acceptable (on the basis of conclusions from another examination), some specific safety elements related to the safety function of the control of nuclear chain reactions can be also not considered in the technical assessment; especially if the safety requirement of “restart of reactor” is not required after an earthquake, which is often the case of the low power RRs. In any case, this work is based on the judgement of the generalist engineer in charge of the RR for the TSO.
2.2. Understanding the role of seismic input data used in calculation models of seismic behaviour of a low power RR to optimise its technical safety assessment
In general, the seismic data (response spectra or artificial accelerograms) provided by the operator are not all necessary for assessing the admissibility of seismic input data used for modelling and simulating numerically the seismic behaviour of RR. In fact, this seismic data characterise the seismic zone where is located the RR, reproduce all potential earthquakes defined for the seismic zone where is located the RR and for all the different natures of ground. Furthermore, the seismic loads
 to consider in previous calculation models depend on the expected seismic behaviour of the civil engineering structures (i.e. linear or non-linear behaviour). Consequently, the volume of seismic data provided by the operator and to assess can be optimised. This simplification is based on the previous steps of the optimisation approach and depends on the safety standards and on technical safety assessment guides applied by the nuclear safety authority. The following paragraph illustrates the implementation of this work, with the seismic data provided by the operator of Eole and Minerve RRs in order to characterise the potential earthquakes of the related seismic zone
 (see TABLE I).
TABLE I: Potential earthquakes applicable for the seismic zone where are located the Eole and Minerve RRs.
	Earthquakes
	Intensity
	Focal distance
	Nature of ground

	Near Safe Shutdown Earthquake (SSE)
	5,8
	7,1
	Alluvium and rock

	Paleoseisme
	7,0
	18,5
	Alluvium and rock

	Near Maximum Historically Probable Earthquake (MHPE)
	5,3
	7,1
	Alluvium and rock


For each of these three previous earthquakes and for each nature of ground, the operator had provided a set of five artificial accelerograms and a set of five response spectra
. In total, thirty artificial accelerograms and thirty response spectra have been taken into account for the seismic reassessment whereas the RRs are only located on an alluvium ground in this seismic zone. In addition, only two levels of earthquake have been considered: the level of reference earthquake applicable for the ASN (SSE) and the level taken into account by the operator (MHPE) for the seismic reinforcements. Therefore, the seismic data to consider for assessing the admissibility of seismic input data used for modelling and simulating numerically the seismic behaviour of RRs has been simplified at ten artificial accelerograms and ten response spectra. Another approach consists in focusing on the ASN guide (reference [5]) which recommends to take into account at least five artificial accelerograms to perform non-linear transient analyses for nuclear facility civil works design and only three artificial accelerograms to perform linear transient analyses. Nevertheless, the expected seismic behaviours of the civil engineering structures of the RRs blocks (structurally separate from the building where are located the RRs) were non-linear behaviours (i.e. unsticking); consequently, the number of artificial accelerograms and response spectra cannot be simplified by this way. However, from a work on history of the safety seismic standards defined over time, it turned out that before the implementation of the ASN guide (see reference [5]) the operator had already produced a set of three artificial accelerograms and a set of three response spectra for each of potential earthquakes of the seismic zone where are located the Eole and Minerve RRs (see TABLE I).These sets have been completed by the operator with two more seismic data for this seismic reassessment in order to fulfil to the recommendation of the ASN guide related to the non-linear transient analyses for nuclear facility civil works design. Moreover, they have been already examined by IRSN in case of other past seismic examinations related to other RRs located in the same seismic zone than Eole and Minerve RRs. Therefore, the seismic data to consider for the technical assessment was simplified at four artificial accelerograms and four response spectra. Nevertheless, the first sets of three seismic data had to be examined with the aim of deeming their acceptability compared to the validation criteria of artificial accelerograms defined by the ASN guide (see reference [5]).
3. Using the optimisation work of the generalist engineer to optimise the technical safety assessment of seismic reinforcements of a low power RR
Generally, the generalist engineer requires specialist engineers to perform technical assessments of seismic reinforcements of a low power RR. In this regard, the optimisation work enables the generalist engineer to clearly define the outlines of these assessments. Indeed, the main safety issues from the seismic reassessment of a low power RR have been already targeted as the safety elements from “sensitive areas” concerned by a technical assessment and the related safety requirements to verify, which enables also to optimise significantly the specialist engineers’ works. Moreover, the understanding of the role of each element from the operator’s safety demonstration enables to anticipate the specialist engineers’ needs to perform their technical assessments related to these elements (see FIG. 2). In this way, the tasks to assign to each specialist engineer are at once complete and optimised (i.e. no missing elements to perform an assessment and no unnecessary element to assess).

FIG. 2. Using the optimisation work of generalist engineer.
Furthermore, thanks to the optimisation work, the generalist engineer has a better comprehension of “technical dialogue” between the specialist engineers and the operator during the safety examination. In this way, the results or recommendations
 from the technical assessments can be readapted to the safety issues of the low power RR by the generalist engineer on the basis of his knowledge of this plant. Indeed, this work can avoid some misunderstandings from the operator who will have to implement these recommendations which sometimes can derive from a technical safety assessment of a power reactor. At the end, the sufficiency of the seismic reinforcements (i.e. the admissibility of the seismic behaviour of RR) compared to the reference earthquake applicable can be deemed. In this regard, the transposition of the conclusions and recommendations from the safety assessment performed by the TSO (generalist engineer) to the nuclear safety authority is made easier because of this comprehension of “technical dialogue”, which contributes to optimise the global evaluation working time (i.e. from the receipt of the operator’s file on seismic reassessment to the transmission by IRSN of a file on related safety assessment conclusions, to ASN).
In case of the safety assessment of the seismic reinforcements of the Eole and Minerve RRs, the implementation of the optimisation approach detailed in this paper led to optimise the global evaluation working time. Indeed, the human resources used to perform this safety examination have been estimated to one man-year; divided to 60 % for the specialist engineers and 40 % for the generalist engineer.
4. Conclusion

Considering the previous elements, the optimisation approach to assess seismic reinforcements of a low power RR is based on mainly four steps which require from the generalist engineer to identify all characteristics related to the operating of RR and to immerse himself in the operator’s technical file on seismic reassessment. This optimisation approach is also based on the generalist engineer’s judgment, i.e. on his competence to concentrate the safety assessment on the main safety issues identified for the RR in case of earthquake and so to optimise the volume of elements of the operator’s file, to technically assess by the specialist engineers. The purpose of this strategy is to optimise the working time related to the global evaluation of sufficiency of seismic reinforcements. It is especially adapted to low power RRs whose an overview of nuclear safety issues is possible. Nevertheless, it could be applied to another topic of reassessment related to, for instance, another external hazard.
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“Sensitive Areas”


with regard to the control of nuclear chain reactions:


(1) Eole reactor area.


(2) Minerve reactor area


with regard to the criticality control and the containment of radioactive fuels:


(3) Fuel storages.


with the aim of preventing the attack of radioactive fuels located in the cores:


(4) Handling cranes.


(5) Building enclosure.





Examples of no “sensitive” areas:


(6) Local storage room.


(7) Control reactor rooms.


(8) Counting room.


(9) Effluents storage tank.





Validation (or not) of the operator's methodology used for generating the artificial accelerograms and of validation tests of artificial accelerograms
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Validation (or not) of the operator’s methodology for analyzing the seismic behaviour of safety elements (in particular, of the mechanical assumptions used (soil-structure and foundation interaction, damping ratio, anchoring/interface considered) and validation (or not) of the operator’s strategy of seismic reinforcements





STEP 1


Defining the context of the seismic reinforcements
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Defining the outlines of the safety assessment








STEP 3


Defining the characteristics related to the RR operating





STEP 4


Defining the role of seismic data used in reassessment
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Defining the “sensitive areas” of low power RR


safety equipments and safety requirements


safety civil engineering structures and safety requirements





Defining the seismic data to technically assess





Validation of seismic input data used in calculation models





Validation of floor response spectra





Technical assessment of specialist engineers





Optimisation work of the generalist engineer





Safety assessment conclusions








�	Controlling nuclear chain reactions, evacuation of thermal power from radioactive substances and nuclear reactions, containment of radioactive substances, human and environmental protection against ionizing radiation.


�	These are two critical mocks-up of 1000 W and 100 W named, respectively, Eole and Minerve. These RRs are dedicated to neutronic studies.


�	For information, the first safety review of these RRs took place in 1994 and the second in 2010.


�	It is the Safe Shutdown Earthquake (SSE).


�	It is the Maximum Historically Probable Earthquake (MHPE) whose the intensity (i) is lower than the intensity of SSE (iMHPE = iSSE - 1).


�	The seismic loads are generally reproduce by response spectra or artificial accelerograms (in regard to the civil engineering structures) and by floor response spectra (in regard to the safety equipments).


�	It is the seismic zone « Cadarache » situated in South of France.


�	A set of five artificial accelerograms being generated from a set of five response spectra, related to the reference earthquake concerned, with a spectral adjustment method


�	A recommendation is an additional work/action to perform by the operator in order to complete his safety demonstration. This operation is prescribed by the ASN to the operator on the basis of the conclusions from the safety assessment of IRSN (for instance the recommendation to complete the safety requirements related to the fuel storage racks situated in the fuel storages of the Eole and Minerve reactors with the safety requirement “geometric layup”, presented in the paragraph 2.1 of the present paper, has been prescribed to the operator by ASN).





